In the field of spintronics, ferromagnetic/non-magnetic metallic multilayers are core building blocks for emerging technologies. Resonance experiments using stripline transducers are commonly used to characterize and engineer these stacks for applications. Up to now in these experiments, the influence of eddy currents on the dynamics of ferromagnetic magnetization below the skin-depth limit was most often neglected. Here, using a coplanar stripline transducer, we experimentally investigated the broadband ferromagnetic resonance response of NiFe/Cu bilayers a few nanometers thick in the sub-skin-depth regime. Asymmetry in the absorption spectrum gradually built up as the excitation frequency and Cu-layer thickness increased. Most significantly, the sign of the asymmetry depended on the stacking order. All experimental data were consistent with a quantitative analysis considering eddy currents generated indirectly in the Cu layers by the time varying magnetic field due to oscillation of the NiFe layer's magnetization, and the subsequent phaseshift of the feedback magnetic field generated by the eddy currents. These results extend our understanding of the impact of eddy currents below the microwave magnetic skin-depth and explain the lineshape asymmetry and phase lags reported in stripline experiments.
Resonance experiments are a powerful means to study physical systems and facilitate advances in material characterization and engineering. In the field of spintronics, ferromagnetic/non-magnetic (F/NM) metallic multilayers are core building blocks for emerging technologies. 1 In these multilayers, the physical properties of the F (effective magnetization, anisotropy, damping), the NM metal (spin penetration length, relaxation mechanisms, eddy currents) and the interface (spin filtering, roughness) can all be recorded by measuring ferromagnetic resonance (FMR) spectra and determining their position, linewidth, and lineshape. 2 Lineshape asymmetries are relatively common in ferromagnetic resonance experiments performed with stripline setups (coplanar and microstrip). The part of the stripline inductively coupled to the sample is equivalent to a device circuit defining a complex microwave impedance. [3] [4] [5] The resulting phase of the microwave excitation leads to an absorptiondispersion admixture and produces asymmetric lineshapes. Although a parameter accounting for such asymmetry must be considered if the spectral position and linewidth are to be accurately extracted from data fitting, it is usually not commented on. The reason for this omission is, first, because asymmetry, linewidth and position are not related; and, second, because for most geometries used in FMR experiments, the absorption component prevails 4 and this type of experiment-related asymmetry is therefore small.
In addition to inductive coupling, other effects such as eddy currents may produce unusual lineshapes. This type of effect has been thoroughly studied for film thicknesses above the skin-depth limit. 6 In contrast, below this limit, the effects of eddy currents were most often neglected, except for series of comprehensive studies focused on microwave screening/shielding, 4, 5, 7, 8 e.g. leading to layer-transducer ordering-dependent standing spin wave modes in sufficiently thick layers 4, 7 and to depth-dependent dephasing. 8 Some recent experimental studies on F-NiFe(10nm)/NM-(Au,Cu) bilayers 9,10 revealed how the Oersted field -due to eddy currents in the NM layer -also affects the dynamics of F magnetization, and more specifically, how it creates additional phase lags resulting in distortion of the resonance lineshape. The experiments were performed in a cavity setup and corroborated the results of analytical calculations. The scenario considered in Refs. 9, 10 involved eddy currents in the NM conductor, generated directly by an excitation radiofrequency magnetic field (hrf) applied outof-plane. The phaseshift between hrf and the eddy current-induced field contributed to dephasing of the NiFe magnetization dynamics. This dephasing translated into an absorptiondispersion admixture of the signal and produced an asymmetric resonance line. In this scenario, experiments conducted with stripline setups, with hrf in the sample plane, should not generate eddy currents in the conductive layers. However, it has been suggested that non-uniformity of the microwave field or sample tilting would lead to an out-of-plane component of hrf, 9 thus creating the conditions for eddy current-related asymmetry, as in the 'direct' scenario described above. According to this hypothesis, the sign of the lineshape asymmetry should be independent of the stacking order for the layers. The data show that this assumption fails to completely describe experimental results.
In this article, the incompletely understood impact of eddy currents is investigated and we unravel the contributions to lineshape asymmetry in stripline experiments. We chose to study the broadband FMR response in NiFe/Cu bilayers a few nanometers thick. Our results revealed a frequency-and Cu-thickness-dependent asymmetry, the sign of which most significantly depends on the Cu to NiFe layer stacking order.
The full stacks used in this study were (from substrate to surface): (Fig. 1(c-h) ), were recorded at room temperature at frequencies ranging between 4 and 20 GHz.
First, we discuss the spectrum asymmetry which gradually built up as the tCu increased ( Fig. 1(c-h) ). This behavior revealed a non-negligible impact of eddy currents circulating in the Cu layers, mostly along the edges. Most importantly, the sign of the asymmetry depended on the ordering of the Cu and NiFe layers, i.e., whether the Cu layer was the buffer or capping layer. A scenario involving eddy currents generated directly by hrf, like in Ref. 9 cannot readily explain the sign-change observed here for the capping and buffer layer cases. Rather, we considered that the oscillation of the NiFe magnetization generated a time varying out-of-plane magnetic field (hM) and a related magnetic flux variation which created eddy currents in the plane of the adjacent Cu layers. In return, the eddy currents generated a feedback rf magnetic field (hFB) that contributes to the dephasing of the NiFe magnetization dynamics ( Fig. 1(a,b) ).
In this scenario, hFB for the buffer and capping Cu layers would naturally be in antiphase to one 5 another. To extract the asymmetry and quantify the findings, the differential resonance spectra were fitted with the following equation:
where res H is the resonance field,  pp H is the peak-to-peak linewidth, and  is the asymmetry parameter accounting for absorption-dispersion admixtures due to the relative phase shift ( ) between hFB, and hM. 

, where  is the proportionality factor, in line with the FuchsSondheimer model. 11, 12 We neglected the contribution of the skin effect to the phaseshift, which is proportional to tCu/Cu, 13 because tCu=1-14 nm, and the skin-depth Cu~1000-500 nm for f=4- The straight blue line in Fig. 2(a) Fig. 2(a) , it can be seen that the simplified model captures the physics of the phenomenon observed. However, deviations between predictions and experimental data can be observed for the 'buffer' layer case. First, both the resistivity and the eddy current path in the capping and Fig. 2(b) were produced by calculations using Eq. (3). The same set of parameters as that returned from Fig. 2(a) was used. This same set of parameters satisfactorily and concurrently described the 2 Cu t -and f-dependences of  for the 'capping' case ( Fig. 2(b) ), confirming that the simplified model reflects the physics behind the phenomenon observed. The overall linear increase of  with f, driven by the fact that eddy currents increase when the rate of change of flux rises, may be altered by complex inductive contributions, which are known to increase for higher frequencies and thicker films. In agreement with this information, we observe in We will now consider finite-size effects. Once again using Fig. 2(a) , we will briefly comment on the square crossed symbol corresponding to data recorded after patterning only the Cu(14)/Al(2)Ox capping layers in a Si/SiO2/NiFe(8)/Cu(14)/Al(2)Ox (nm) stack (inset of Fig.   2(a) ). A 4 x 3 mm 2 array of square dots with lateral size of 100 µm was fabricated. Following patterning, two effects compete with one another. First, the number of eddy current loops increases, and simultaneously, the path of each loop along the sample's edges is constrained. 
Figure captions

